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The growth response of Listeria monocytogenes strains A4413 and 9037-7 to
carbohydrates was determined in a defined medium. Neither pyruvate, acetate, cit-
rate, isocitrate, a-ketoglutarate, succinate, fumarate, nor malate supported growth.
Furthermore, inclusion of any of these carbohydrates in the growth medium with
glucose did not increase the growth of Listeria over that observed on glucose alone.
Resting cell suspensions of strain A4413 oxidized pyruvate but not acetate, citrate,
isocitrate, a-ketoglutarate, succinate, fumarate, or malate. Cell-free extracts of
strain A4413 contained active citrate synthase, aconitate hydratase, isocitrate dehy-
drogenase, malate dehydrogenase, fumarate hydratase, fumarate reductase, pyru-
vate dehydrogenase system, and oxidases for reduced nicotinamide adenine dinucle-
otide and reduced nicotinamide adenine dinucleotide phosphate. The a-ketoglu-
tarate oxidation system, succinate dehydrogenase, isocitrate lyase, and malate syn-
thase were not detected. Cytochromes were not detected. The data suggest that
strain A4413, under these conditions, utilizes a split noncyclic citrate pathway
which has an oxidative portion (citrate synthase, aconitate hydratase, and isocit-
rate dehydrogenase) and a reductive portion (malate dehydrogenase, fumarate
hydratase, and fumarate reductase). This pathway is probably important in biosyn-

thesis but not for a net gain in energy.

Carbohydrate is essential for Listeria growth,
and glucose is commonly used to meet this de-
mand for carbon and energy (39; Miller and Sil-
verman, Bacteriol, Proc., p. 103, 1959). Under
aerobic or anaerobic conditions, the degradation
of glucose is essentially homofermentative
(Miller and Silverman, Bacteriol. Proc., p. 103,
1959). It has been shown, however, that lactate
and pyruvate account for a small fraction of the
glucose oxidized by Listeria grown on a low
(0.2%) glucose concentration (12).

Any role which the citrate cycle and glyoxylate
bypass may play in Listeria metabolism has re-
ceived little study. It has been reported that py-
ruvate (12) and citrate (13) are unacceptable
carbon and energy sources. Pyruvate (12) as well
as malate, succinate, and a-ketoglutarate are
oxidized at low rates by a type | Listeria (23). In
synthetic media, Listeria growth does not require
glutamate or aspartate (14), amino acids which

‘commonly arise by the transamination of a-ke-

' This paper is taken from a dissertation presented to the
Department of Microbiology and the Graduate Division of the
University of Oregon Medical School by Terrence L. Trivett in
partial fulfiliment of the requirements for the Ph.D. degree.
Present address: Department of Biology, Pacific Union Col-
lege, Angwin, Calif. 94508.

toglutarate and oxaloacetate of the citrate cycle
(31). Since these bacteria contain considerable
quantities of glutamate and aspartate (15), they
are obviously capable of efficiently synthesizing
them. Glutamic oxaloacetic transaminase activity
has been detected in many strains of Listeria
(37). If Listeria cells employ the common tran-
saminative pathways to glutamate and aspartate,
citrate cycle activity would be expected for the
biosynthesis of carbon skeletons, if not for the
release of energy.

The purpose of this research was to determine
whether Listeria possesses the enzymatic facili-
ties for the oxidation of pyruvate, the citrate cy-
cle, and the glyoxylate bypass. Three experi-
mental approaches were employed: growth, oxi-
dation by resting cells, and an enzymatic analysis
of cell-free extracts. Listeria was tested for its
capacity to utilize either pyruvate or citrate cycle
intermediates as a source of carbon and energy;
the growth response was determined by using
these compounds alone or with glucose. The oxi-
dative response of resting cells was then deter-
mined manometrically. Finally, cell-free extracts
of Listeria were assayed for the enzymes which
catalyze pyruvate oxidation, the citrate cycle,
and the glyoxylate bypass.
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MATERIALS AND METHODS

Special chemicals. L-Cysteine-hydrochloride; L-leu-
cine; DL-isoleucine; DL-valine; L-arginine-hydrochloride;
L-histidine-hydrochloride; pL-methionine; DL-biotin;
succinate, sodium; DL-isocitrate, trisodium; L-malic acid;
and potassium fumarate were obtained from Nutri-
tional Biochemicals Corp., Cleveland, Ohio. Nicotina-
mide adenine dinucleotide (NAD); nicotinamide ade-
nine dinucleotide phosphate (NADP), sodium; reduced
nicotinamide adenine dinucleotide (NADH), disodium;
reduced nicotinamide adenine dinucleotide phosphate
(NADPH), tetrasodium; coenzyme A, trilithium; S-
acetyl coenzyme A (acetyl-CoA), sodium; diphos-
phothiamine (DPT); flavine adenine dinucleotide
(FAD); glyoxylate, sodium; pyruvate, sodium; a-keto-
glutaric acid; crystalline bovine serum albumin; phena-
zine methosulfate (PMS); 2,6-dichlorophenol indo-
phenol (DCPIP), sodium; tris(hydroxymethyl)amino-
methane (Tris); and imidazole were purchased from
Sigma Chemical Co., St. Louis, Mo. Reduced gluta-
thione and nitrilotriacetic acid were obtained from
Calbiochem, Los Angeles, Calif. Protamine sulfate was
purchased from Krishell Laboratories, Portland, Ore.
Flavine mononucleotide (FMN) was a gift from Sigma
Chemical Co., St. Louis, Mo. )

Bacteria. L. monocytogenes strains A4413 (smooth,
virulent) and 9037-7 (rough, avirulent) were kindly
supplied by M. E. Friedman, U.S. Army Biological
Laboratories, Fort Detrick, Md. Strain A4413 was
employed in all phases of this study, whereas strain
9037-7 was used only in the determination of carbohy-
drates acceptable for growth. Stock cultures were rou-
tinely grown for 16 hr at 37 C on Tryptose Agar (Difco)
slants, inoculated to give confluent growth. After
quick freezing in an ethanol-dry ice bath, the slants
were tightly capped and stored at —20 C for up to 6
months. Escherichia coli K-12(\), graciously furnished
by E. L. Oginsky, University of Oregon Medical
School, was used in some experiments as a positive
control.

Synthetic growth medium. Listeria cells were grown
on a defined medium, designated D10. It consisted of
the following components per liter: K,HPO,, 8.50 g;
NaH,PO,-H,0, 150 g NH,C, 050 g;
MgSO,:7H,0, 0.41 g; FeCl,-6H,0, 0.048 g; NaOH,
0.24 g; nitrilotriacetic acid, 0.48 g; L-cysteine-hydro-
chloride, 100 mg; L-leucine, 100 mg; DL-isoleucine, 200
mg; DL-valine, 200 mg; DL-methionine, 200 mg; L-argi-
nine-hydrochloride, 200 mg; vr-histidine-hydrochloride,
200 mg; riboflavine, 1,000 ug; thiamine-hydrochloride,
1,000 ug; D-biotin, 100 ug; a-lipoic acid, 1 ug.

Medium D10 was assembled as follows to prevent
the formation of precipitates and to provide for the
sterilization of the vitamins by filtration. (i) K,HPO,
and NH,Cl were dissolved in 500 ml of distilled water;
(ii) NaOH and then nitrilotriacetic acid were dissolved
in 40 ml of distilled water; (iii) FeCl, was dissolved in
40 ml of distilled water (this FeCl, solution must be
fresh); (iv) the FeCl,; solution was mixed with the so-
dium nitrilotriacetate solution; (v) MgSO, was dis-
solved in 30 ml of distilled water; (vi) the solutions
from steps iv and v, the amino acids, and 390 ml of
distilled water were added to the solution from step 1 to
give a volume of 1,000 ml which was autoclaved at 15
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psi for 15 min. When cool, 10 ml of vitamin solution
(100x concentrated) was added. The pH of medium
D10 was 7.3 to 7.4. The 100x vitamin solution was
prepared as follows. A 5-mg amount of a-lipoic acid
was dissolved in 200 ml of 70% ethanol. Two milliliters
of this solution was combined with 5 mg of biotin, 50
mg of thiamine, and 50 mg of riboflavine in 125 ml of
95% ethanol, after which the volume was brought to
500 ml with distilled water; the solution was filtered
through a membrane filter (0.45 um, Millipore Corp.,
Bedford, Mass.) because thiamine is heat labile (14).
For routine Listeria culture, medium D10 was supple-
mented with glucose; 10 ml of a 20% solution (steri-
lized by autoclaving) was added to give a final concen-
tration of 0.2%. The vitamin and glucose solutions
(concentrated 100x) replaced the fluid lost in auto-
claving (about 2%). The amino acids in medium D10
are among those shown to be required or stimulatory
for Listeria by Friedman and Roessler (14). The vi-
tamins used were as reported by Welshimer (43). Iron
is very stimulatory for Listeria, as shown by Sword
(38), and was included with partially neutralized nitri-
lotriacetic acid for its chelation (19). Mn?* was ex-
cluded because Sword (38) found it to be inhibitory.
NH,* was included because Friedman and Roessler
(14) found that it could substitute for glutamine in ex-
clusion studies. With reference to its complement of
amino acids (seven), medium D10 is thought to be
simpler than any medium yet described for the cultiva-
tion of Listeria.

Ability of various carbohydrates to support Listeria
growth. Bacterial growth was measured turbidimetri-
cally at 620 nm with a Spectronic 20 spectropho-
tometer (Bausch & Lomb, Rochester, N.Y.). Optically
similar Pyrex tubes (18 by 150 mm) were filled with
medium D10, a carbohydrate supplement, and inoc-
ulum to a volume of 6 ml. Cultures were incubated at
37 C with or without agitation (Eberbach and Sons,
Ann Arbor, Mich.). Carbohydrate supplements in-
cluded solutions of the sodium salts of pyruvate, ace-
tate, citrate, isocitrate, a-ketoglutarate, succinate,
fumarate, or malate which were filtered through mem-
brane filters (0.45 um) and added to the culture tube to
provide a final concentration of 0.2%. Each tube also
received a inoculum of about 3 x 10® cells (strain
A4413) or about 3 x 107 cells (strain 9037-7). The
inoculum was grown on medium D10 + 0.5% glucose
for 10 hr at 37 C; the cells were harvested by cold cen-
trifugation at 3,500 x g for 15 min in a centrifuge
(model RC-2; Ivan Sorvall, Inc., Norwalk, Conn.). All
centrifugation in this study was performed in the RC-2.
Harvested bacteria were washed once in cold 0.1 M
potassium phosphate buffer, pH 7.2, and resuspended
in this buffer to the turbidity required to provide the
desired viable count (unpublished data). Carbohydrate-
free and glucose controls were included. The effect of
iron exclusion and of agitation upon the growth re-
sponse in medium D10 + glucose was determined by
similar methods. In this case, the inoculum consisted of
unwashed bacteria grown in the synthetic medium of
Welshimer (43) which lacks iron.

Resting cells. Bacteria were grown in 500-ml Erlen-
meyer flasks containing 200 ml of medium DI0 +
0.2% glucose. Growth was initiated by 0.5 ml of a sus-
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pension of cells which were harvested from a freshly
thawed stock slant culture by the addition of 0.6 ml of
distilled water and the gentle removal and distribution
of the slant’s growth with a 1-ml pipette. Flask cultures
were incubated at 37 C in a gyrotory shaker (New
Brunswick Scientific Co., New Brunswick, N.J.) at
medium speed. After 13 hr, each 200 ml culture was
harvested in the late-exponential phase of growth by
cold centrifugation in a 250-ml centrifuge bottle (Nalge
Co., Rochester, N.Y.) at 6,000 x g for 15 min. The
cell pellet was washed once in cold 0.05 M potassium
phosphate buffer (pH 7.0) and then resuspended in suf-
ficient buffer to provide the turbidity associated with
the level of cellular nitrogen desired (unpublished data),
as previously determined by a Nesslerization proce-
dure (5).

Cell-free extracts. When destined for disruption,
each washed pellet of resting cells was resuspended in 5
ml of cold 0.005 M potassium phosphate buffer (pH
7.0). Ordinarily, two resuspended pellets and 10 ml of
0.11-mm glass beads (Bronwill Scientific Co., Inc.,
Rochester, N.Y.) were placed in a precooled 50-ml
stainless-steel flask (Bronwill) with a screw cap. Vase-
line was smeared lightly on the threads to prevent
leakage. The cells were broken by shaking the flask in
a Braun cell homogenizer, model MSK (Bronwill) for
45 sec. The flask was cooled by a stream of CO, deliv-
ered by a metal capillary (Bronwill) at a micrometer
valve (Bronwill) setting of 1. The cell extract debris
(=3 ml) and 10 ml of cold 0.005 M potassium phos-
phate buffer (pH 7.0), used to rinse the flask, were
centrifuged cold at 5,000 x g for 5 min. The superna-
tant fluid was centrifuged cold at 5,000 x g for 10 min.
The supernatant fluid, termed crude extract (CE), was
translucent and a faint brownish-yellow color; upon
staining with crystal violet, numerous subcellular frag-
ments, but no intact bacteria, were observed micro-
scopically. The pH of CE was 7.0. It was found that
cell disruption for 90 sec or 180 sec produced little in-
crease in CE protein, although the cooling of the flask
was difficult as compared with the 45-sec disruption.
The 45-sec disruption time was, therefore, used rou-
tinely in these experiments. About 90% of the bacteria
were disrupted by this treatment. Approximately 30 mg
of CE protein was recovered from each 200 ml of cul-
ture. Protein was estimated by a biuret method (28)
using bovine serum albumin as standard. To minimize
its absorbance in the ultraviolet region, CE was treated
in the cold with protamine sulfate (1%, pH 6) added
dropwise with agitation; 1 mg of protamine sulfate was
used for each 3 to 5 mg of CE protein. After standing
for 5 min, the mixture was centrifuged cold at 10,000
x g for 10 min. This treatment coprecipitated some 30
to 40% of the CE protein. The supernatant fluid was
termed protamine-treated extract (PTE); its pH was
also 7.0.

Manometric methods. Oxygen consumption was
measured in an atmosphere of air at 37 C in a conven-
tional Warburg apparatus (Precision Scientific Co.,
Chicago, Ill.), essentially as described by Umbreit et al.
(40). The total volume of all reaction mixtures using
cells or extracts was 3.0 ml, including 0.1 ml of 10%
KOH in the center well.

Oxidation by resting cells. For determining the oxi-
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dation of pyruvate, the reaction mixture contained po-
tassium phosphate buffer (pH 5.0), 200 umoles; so-
dium pyruvate, 10 umoles; coenzyme supplements
singly or together in the following amounts (in umoles),
DPT (1), FAD (0.5), CoA (0.5), NAD (0.5), a-li-
poate (0.5), MgCl, (1), and bacteria equivalent to 1.8
mg of nitrogen. For determining the oxidation of ace-
tate, citrate, isocitrate, a-ketoglutarate, succinate,
fumarate, and malate, the reaction mixture contained
potassium phosphate buffer, pH indicated, 200 umoles;
substrate, 10 umoles; coenzyme supplements (in
umoles), DPT (0.5), CoA (0.1), NAD (1), NADP (1), a-
lipoate (0.1), MgCl, (1), and L-cysteine (1); and bac-
teria equivalent to 1.8 mg of nitrogen.

Enzyme assays. Absorbancy changes were deter-
mined by using 1-cm standard silica cuvettes (Beckman
Instruments, Inc., Fullerton, Calif.) in a spectropho-
tometer (model PMQ II; Carl Zeiss Oberkochen/
Wiirtt, West Germany) at room temperature. The
following extinction coefficients were used in the calcu-
lation of specific activities: cis-aconitate, 3.5 mM~'cm~?!
(33); fumarate, 2.1 mm-'cm-' (33); NADH and
NADPH, 6.2 mM-'cm-! (21); DCPIP, 19.1 mM~'cm~!
(4); FMN and FAD, 12.4 mM-'cm~! (18); glyoxylate
phenylhydrazone, 16.8 mMm-!cm-! (24); acetyl-CoA,
4.5 mM~'cm-! (8). Specific activities are expressed as
the number of micromoles of substrate or product trans-
formed or of oxygen consumed per hour per milligram
of protein at room temperature unless otherwise indi-
cated. The specific activities are based on the initial rate
under optimal conditions as far as these were determined.
The reaction mixture given for each method provided
approximately optimal conditions for enzyme activity.
The effects of alterations in the reaction mixture are
noted below. The concentration of substrate required to
give half maximal velocity was estimated by the method
of Lineweaver and Burk (29). When enzyme activity was
not detected in cell-free extracts of Listeria, cell-free
extracts of E. coli, which had been grown, harvested,
washed, and disrupted similarly, were used as a positive
control for the method.

The pyruvate or a-ketoglutarate oxidation systems
were detected manometrically at 37 C. Included in the
reaction mixture were CE of strain A4413, 6.6 mg of
protein, and (in umoles), potassium phosphate buffer,
pH 7.0 (200), sodium pyruvate or sodium a-ketoglu-
tarate (20), NAD (1), DPT (0.5), CoA (0.1), a-lipoate
(0.1), L-cysteine (1), and MgCl, (1).

Citrate synthase (EC 4.1.3.7) was estimated by the
chemical determination of citrate, an approach similar
to that of Englesberg and Levy (11). The reaction mix-
ture of 2.5 ml in soft rubber-stoppered test tubes (4
inches by % inch) included PTE of strain A4413, 2.16
mg of protein, and (in umoles) potassium phosphate
buffer, pH 7.5, (25) MgCl, (1), L-cysteine (0.5),
acetyl-CoA (1.5), and sodium oxaloacetate (20). Each
tube was flushed with nitrogen and incubated at 37 C.
At 15 and 30 min, the reactions were stopped by the
addition of 2.5 ml of 1.5% trichloroacetic acid, and fil-
trates were boiled for 15 min to decompose residual
oxaloacetate which interferes with the citrate determi-
nation (26). Citrate in the filtrates and in standard cit-
rate solutions was estimated by subjecting 1-ml sam-
ples to the procedure of Lane and Chen (27) which
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combines sensitivity (=1 ug) with relative simplicity.

Aconitate hydratase (EC 4.2.1.3) was determined by
the method of Racker (33). The increase in absorbancy
at 240 nm due to aconitate formation was observed
against a reference which lacked substrate. The reac-
tion mixture (3 ml) included PTE of strain A4413, 0.5
mg of protein, and (in umoles) potassium phosphate
buffer, pH 7.5 (300), sodium isocitrate (20), or sodium
citrate (90).

Isocitrate dehydrogenase (NADP) (EC 1.1.1.42)
was measured by a modification of the method of
Kornberg (25). The reduction of NADP was followed
at 340 nm against a reference lacking substrate. The
reaction mixture (3 ml) included PTE of strain A4413,
1.0 mg of protein, and (in umoles) potassium phos-
phate buffer, pH 7.5 (200), NADP (0.5), sodium iso-
citrate (30), and MnCl, (1).

Succinate dehydrogenase (EC 1.3.99.1) was esti-
mated by the Arrigoni and Singer (2) modification of
the Ells method (10). The PMS-mediated reduction of
DCPIP was monitored at 600 nm against a water ref-
erence. The reaction mixture (3 ml) included the fol-
lowing components added in order: potassium phos-
phate buffer, pH 6.5, 100 umoles; sodium succinate, 60
umoles; CE of Listeria A4413 or E. coli, 1.1 mg of
protein; KCN adjusted to pH 8, 3 umoles, mixed with
the other components by bubbling nitrogen; after al-
lowing the mixture to stand 5 min, the DCPIP, 0.083
umoles, and PMS, | mg, were quickly added, and the
final mixture was mixed with bubbling nitrogen.

Fumarate reductase was estimated by the method
of Hirsch et al. (18). The fumarate-dependent oxida-
tion of FMNH, was observed at 450 nm against a
water reference. An anaerobic cuvette was required.
This was constructed by fusing a 1-cm Beckman
standard silica cell to a double sidearm by means of a
ground-glass joint. The reaction mixture (2 ml) was
added as follows: potassium phosphate buffer (pH 7.0),
100 umoles, and FMN, 0.5 umole, in the cuvette; so-
dium fumarate, 20 umoles, and CE of strain A4413,
0.86 mg of protein, were placed in separate sidearms.
The cuvette was twice evacuated (Cenco Hypervac 4,
Central Scientific Co., Chicago, Ill.) and flushed with
nitrogen; it was then opened, and about 0.3 mg of crys-
talline sodium hydrosulfite was added and mixed
briefly with nitrogen to reduce the FMN. The cuvette
was again closed, twice evacuated and flushed with ni-
trogen, and then evacuated. The fumarate and CE were
tipped into the main chamber to initiate the reaction.

Fumarate hydratase (EC 4.2.1.2) was determined by
the method of Racker (33). The increase in absorbancy
at 240 nm due to fumarate formation was observed
against a reference lacking only malate. The reaction
mixture (3 ml) contained PTE of strain A4413, 0.5 mg
of protein; Tris-hydrochloride buffer (pH 8.0), 200
umoles; and sodium malate, 30 umoles.

Malate dehydrogenase (EC 1.1.1.37) was detected
essentially by the method of Mehler (32). The reduc-
tion of NAD was followed at 340 nm against a refer-
ence lacking only malate. The reaction mixture (3 ml)
included PTE of strain A4413, 1.0 mg of protein, and
(in umoles) glycine-NaOH buffer, pH 9.0 (100), so-
dium malate (60), NAD (0.5), and MnCl, (1).

Isocitrate lyase (EC 4.1.3.1) was estimated by the
method of Kornberg (24). The formation of glyoxylate
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phenylhydrazone was followed at 324 nm against a ref-
erence lacking only isocitrate. Before the actual assay,
certain components were premixed to give *‘R;,,"": 1.0
ml of 0.5 M imidazole buffer (pH 6.4, 6.8, or 7.2); 1.0
ml of 0. m MgCl,; 0.2 ml of I M ethylenedia-
minetetraacetic acid; 0.8 ml of 0.1 M phenylhydrazine-
hydrochloride (preneutralized), and 1.0 ml of distilled
water. R, was used fresh or for 2 hr if kept on ice.
The reaction mixture (2 ml) contained R,,, 0.4 ml;
reduced glutathione (preneutralized), 5 umoles; sodium
isocitrate, 2 umoles; and CE of strain A4413, 1.29 mg
of protein, or CE of E. coli, 0.75 mg of protein.

Malate synthase (EC 4.1.3.2) was detected by the
method of Dixon and Kornberg (8) as modified by
Dixon (9) to avoid the use of phosphate. The glyoxy-
late-dependent cleavage of acetyl-CoA was followed at
232 nm against a reference lacking only glyoxylate and
which was set to read 0.50 against water. Cell-free ex-
tracts were prepared as previously indicated, except
that Tris-hydrochloride buffer supplemented with mm
MgCl, replaced potassium phosphate buffer. The reac-
tion mixture (2 ml) contained PTE of strain A4413,
0.52 mg of protein, or of E. coli, 0.58 mg of protein;
and (in umoles), Tris-hydrochloride buffer, pH 7.5
(100), MgCl, (2), acetyl-CoA (0.1), and sodium glyox-
ylate (1).

The oxidation of NADH or NADPH was measured
at 340 nm against a water reference. The reaction mix-
ture (3 ml) contained PTE of strain A4413, 0.25 mg of
protein; potassium phosphate buffer, pH 7.0 (for
NADH) or 6.0 (for NADPH), 200 umoles; and
NADH, 0.5 umole, or NADPH, 0.375 umole.

A recording spectrophotometer (model 14; Cary In-
struments, Monrovia, Calif.) was used to examine a
dense suspension (0.5 mg of nitrogen/ml) and CE (4.2
mg of protein/ml) of strain A4413 for cytochromes by
the difference spectra technique (6). Sodium hydrosul-
fite was added before determining the reduced spectra.

RESULTS

Suitability of synthetic medium D10. Medium
D10 + 0.5% glucose supported vigorous growth
of L. monocytogenes strains A4413 and 9037-7.
With respect to strain A4413, population levels
of at least 4 x 10° viable bacteria/ml were at-
tained in less than 18 hr at 37 C. The bacteria
grew poorly without iron. The extent of growth
of strains A4413 and 9037-7 was reduced by two-
thirds when iron (as FeCl,) was excluded from
medium D10. Doubling the iron content of the
medium did not induce more rapid or extensive
growth. Shaking increased the rate and extent of
growth, but not if iron was excluded.

Inability of pyruvate or citrate cycle intermedi-
ates to serve as a source of carbon and energy for
strains A4413 and 9037-7. It was of great interest
to determine the ability of pyruvate or individual
citrate intermediates to support growth. If one or
more intermediates supported growth, evidence
would be furnished for an active citrate cycle.
Furthermore, if an intermediate was acceptable
to the bacteria, growth in its presence would be
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expected to produce bacteria with higher levels of
citrate cycle enzymes than glucose-grown cells,
as exemplified in other bacteria (16). Growth
was measured turbidimetrically for 48 hr. In two
experiments, each conducted in duplicate with
and without agitation, strains A4413 and 9037-7
showed no growth on medium D10 containing
acetate, pyruvate, citrate, isocitrate, a-ketoglu-
tarate, succinate, fumarate, or malate. Controls
containing glucose showed excellent growth.
Inability of pyruvate or citrate cycle intermedi-
ates to stimulate the growth of strains A4413 and
9037-7 on medium D10 + 0.05% glucose. Be-
cause Listeria was apparently unable to utilize
pyruvate or any citrate cycle intermediate as a
sole source of carbon and energy, growth experi-
ments were conducted which used medium D10
containing 0.05% glucose. This glucose content
supports definite yet limited growth. Therefore, a
growth increase in response to added pyruvate or
citrate cycle intermediates would be readily de-
tectable. Such an experimental design was in
harmony with the finding that bacteria such as
E. coli may require an auxiliary carbon source to
grow on intermediates such as citrate (41). These
experimental results are presented in Table 1.
The maximal growth attained by either Listeria
strain was not significantly different from the
controls. These growth experiments indicate that
pyruvate, acetate, citrate, isocitrate, a-ketoglu-
tarate, succinate, fumarate, and malate were
apparently unacceptable carbon and energy
sources for these Listeria strains, with or without
glucose. Glucose was therefore used routinely to

TABLE 1. Inability of pyruvate or citrate cycle
intermediates to stimulate the crop of Listeria strains
A4413 and 9037-7 in medium D10 + 0.05% glucose®
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Incubation
Supplement (0.2%) Stationary Agitation

A4413 [ 9037-7 | A4413 | 9037-7
None............ 0.17 0.16 0.18 0.18
Citrate .......... 0.16 0.16 0.18 0.18
Isocitrate ........ 0.15 0.16 0.16 0.18
a-Ketoglutarate ... | 0.16 0.16 0.17 0.19
Succinate ........ 0.16 0.16 0.17 0.18
Fumarate ........ 0.16 0.19 0.19 0.20
Malate .......... 0.16 0.16 0.17 0.19
Pyruvate ......... 0.16 0.16 0.18 0.19
Acetate .......... 0.16 0.15 0.20 0.18

@ Each value represents the highest optical density
measurement (at 620 nm) observed (after correction
for the initial reading at inoculation) throughout the
incubation period at 37 C; measurements were made at
0, 8, 16, and 24 hr. Each value is the mean from two
experiments, each conducted in duplicate.

J. BACTERIOL.

meet the needs of these bacteria for carbohy-
drate. Since Listeria cells grown on high concen-
trations (0.5 to 1.0%) of glucose show less ca-
pacity to oxidize glucose (and possibly other sub-
strates) than those grown on lower (0.2%)
concentrations (12), medium D10 was supple-
mented with 0.2% glucose for the growth of all
bacteria to be used in manometric or cell-free
experiments.

Oxidation of pyruvate by resting bacteria.
Resting Listeria A4413 cells oxidized pyruvate as
shown in Fig. 1. The oxidation of pyruvate was
not promoted by DPT, FAD, or Mg?*, and only
slightly be CoA, NAD, or Mn?*. Oxidation was
increased considerably by a-lipoate, however,
and even more by the coenzyme mixture. The
Q(0,) N (microliters of oxygen consumed per
hour per milligram of nitrogen) was increased
from 120 (unsupplemented) to 220 by a-lipoate.
The oxidation ratio (moles of oxygen per mole of
substrate) was about 0.55, suggesting that pyru-
vate had been oxidized to acetate. Resting cells
oxidized pyruvate more rapidly in potassium
phosphate buffer. at pH 5.0 than at pH 5.5, 6.0,
6.5, or in phthalate-NaOH buffer at pH 5.0 or
4.5. No oxidation occurred in potassium phos-
phate buffer at pH 7.0 or 8.0, or in
phthalate-NaOH buffer at pH 4.0.
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FiG. 1. Oxidation of pyruvate by resting cells of L.
monocytogenes strain A4413 at pH 5 and the effect of
coenzyme supplements. Endogenous oxidation was in-
significant. Coenzymes were included in the reaction
mixture according to the following legend: either DPT,
FAD, or Mg?*, or no coenzymes, O; CoA, NAD, or
Mn?+, @; a-lipoate, O; coenzyme mixture, R.
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Oxidation of citrate cycle intermediates by
resting bacteria. The effect of various citrate
cycle intermediates on the oxygen consumption
by resting cells of strain A4413 is shown in Fig.
2. With reference to the endogenous oxygen con-
sumption, there was no apparent stimulation by
acetate, citrate, isocitrate, a-ketoglutarate, suc-
cinate, fumarate, or malate. This nonstimulatory
effect was observed at pH 6.0, 7.0, and 8.0, with
or without the coenzyme mixture.

Enzyme assays with cell-free extracts: the pyru-
vate oxidation system. Since resting cells oxidized
pyruvate, it was not surprising that a cell-free
extract was capable of doing so (Fig. 3). Pyru-
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FIG. 2. Oxidation of citrate cycle intermediates by
resting cells of L. monocytogenes strain A4413 at pH
6.0, 7.0, or 8.0. Legend: open columns, without coen-
zyme mixture; closed columns, with coenzyme mixture.
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FI1G. 3. Oxidation of pyruvate by a crude extract of
L. monocytogenes strain A4413 in potassium phos-
phate buffer at pH 7.0 and the effect of individual
coenzyme deletions. No oxidation occurred without
pyruvate. Legend: coenzyme mixture, @; minus Mg?+,

A; minus DPT, B; minus CoA, %X, minus NAD, O;
minus o-lipoate, A; minus cysteine, O; no coenzymes,

vate was oxidized most rapidly at pH 7.0,
yielding a specific activity of 2.11. Except for
Mg?+, all coenzymes and cysteine were required
for maximal oxidation. No oxidation occurred
without the coenzymes and cysteine. The exclu-
sion of DPT, CoA, NAD, a-lipoate, or cysteine,
in increasing order of effect, significantly de-
creased the oxidation rate. Without a-lipoate, for
example, the rate of oxidation decreased about
70%. The oxidation ratio of 0.47 suggests, as did
the oxidation by resting cells, that pyruvate was
oxidized to the level of acetate.

Enzymes of and related to the citrate cycle.
The results of assays for enzymes of the citrate
cycle and some enzymes closely related to it are
summarized in Table 2. For those enzymes not
detected in strain A4413, specific activities of E.
coli extracts used as positive controls are pre-
sented in the right hand column of Table 2. For
those enzymes found in strain A4413, specific
activities of E. coli enzymes from other studies
are presented for comparison. Citrate synthase,
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TaBLE 2. Enzyme activities in cell-free extracts of L. monocytogenes strain A4413 and some activities of E. coli
enzymes for comparison

L. monocytogenes E. coli
Enzyme R R
pHe Coenzyme requirement” Ko "ngf:{;s fc‘:f:{;f, Rc;'::
Pyruvate oxidation system 7.0 DPT, CoA, NAD, ND* 2.11 0.44 17
a-lipoate
Citrate synthase ......... ND ND ND 0.68 | 0.63¢,3.08% 16
Aconitate hydratase ...... 7.5 ND 0.80 (citrate) 3.33 0.97¢, 19.1* 16
0.44 (isocitrate) 6.66

Isocitrate dehydrogenase . . 7.5 NADP, Mn** 0.44 (isocitrate)| 0.75 | 8.32%,85.3% 16
a-Ketoglutarate oxidation

system................ (5.0-9.0) ND ND NA¢ 0.40/
Succinate dehydrogenase . . (6.0-9.0) ND ND NA 0.97/
Fumarate reductase ...... 7.0 FMNH, or FADH, ND 2.82 4.56 18
Fumarate hydratase ...... 8.0 ND 1.01 (malate) 2.24 | 20.6%,50.8" | 16
Malate dehydrogenase . ... 9.0 NAD, Mn?+ 4.0 (malate) 0.87 | 11.08, 225" 16
Isocitrate lyase .......... (6.4-8.0) ND ND NA 1.80/
Malate synthase ......... (7.0-9.6) ND ND NA 4.0
NADH oxidase .......... 7.0 (not Mg?* or Mn?+) ND 16.20 | 5.33¢, 38.2» 16
NADPH oxidase . ........ 6.0 Mn2+ ND 2.30

@ pH for optimal activity. Parenthetical pH values indicate the range over which activity was sought.

® Abbreviations: DPT, diphosphothiamine; CoA, coenzyme A; NAD, nicotinamide adenine dinucleotide:
NADP, nicotinamide adenine dinucleotide phosphate; FMNH,, reduced flavine mononucleotide; FADH ,, reduced
flavine adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; and NADPH, reduced nicotin-

amide adenine dinucleotide phosphate.

¢ Millimolar substrate concentration giving half maximal velocity.
4 Expressed as micromoles of substrate transformed or oxygen consumed per hour per milligram of protein.

¢ Not determined.
/ Reaction mixture lacked coenzyme supplements.

¢ Anaerobically grown in synthetic medium with glucose.

" Aerobically grown in synthetic medium with glucose.

‘ Not active.
/ Positive controls in this research.

aconitate hydratase, isocitrate dehydrogenase,
fumarate reductase, fumarate hydratase, malate
dehydrogenase, and oxidases for NADH and
NADPH, but not the a-ketoglutarate oxidation
system or succinate dehydrogenase, were de-
tected. The glyoxylate bypass enzymes, isocitrate
lyase and malate synthase, were not found. For
each enzyme not detected in cell-free extracts of
Listeria A4413, activity was readily demon-
strated by using a cell-free-extract from E. coli
as a control.

Cytochromes. Difference spectra of strain
A4413 cells or cell-free extracts did not reveal
the presence of cytochromes.

DISCUSSION

In evaluating the adequacy of medium D10 for
growing Listeria, the effects of iron exclusion
and agitation upon growth were noted. Iron
stimulated growth with or without agitation, but
agitation improved the growth only in the pres-
ence of iron. The stimulation of Listeria growth
by iron has been pointed out by Sword (38).

However, the iron dependence of growth stimula-
tion by agitation has not been reported. The bac-
teria probably require iron in the synthesis of
catalase (12), cytochromes, and other enzymes.
Although cytochromes were not detected in this
or earlier research (22), these pigments have re-
cently been found in strain A4413 and other
strains, provided the bacteria are stored for sev-
eral days in the presence of a reducing agent (J.
H. Jackson, Ph.D. Thesis, University of Kansas,
1969).

The thrust of this study was to determine
whether Listeria possesses the citrate cycle and
related metabolism. Many species of bacteria,
including E. coli (16) and Pseudomonas fluores-
cens (3), are able to grow with pyruvate or a cit-
rate cycle intermediate as the carbon and energy
source. Such is not the case with L. monocyto-
genes strains A4413 or 9037-7, however, at least
under these experimental conditions. None of the
intermediates tested supported measurable
growth. When 0.05% glucose was used as an
auxiliary carbohydrate, no intermediate stimu-
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lated growth. Citrate (13) and pyruvate (12)
have been previously shown to be unsatisfactory
carbon and energy sources for Listeria.

The finding that resting cells oxidized pyruvate
most rapidly at pH 5.0, whereas cell-free extracts
were most active at pH 7.0, suggests that pyru-
vate enters the cell undissociated (as pyruvic
acid). Friedman and Alm (12) found that strain
A4413 oxidized pyruvate [Q(O,)N = 17.7 at pH
6.5]. The pyruvate oxidation system in cell-free
extracts was most active at pH 7.0. The depend-
ence of the pyruvate oxidation system upon
DPT, CoA, NAD, and «-lipoate suggests that
the enzyme system is similar to or identical with
the pyruvate dehydrogenase complex of other
organisms (35). The oxidation ratios suggest that
pyruvate was apparently degraded to the level of
acetate (probably as acetyl-CoA).

Since many of the citrate cycle enzymes were
demonstrated in cell-free extracts of strain
A4413, the inability of whole cells to oxidize or
grow on citrate cycle intermediates suggests that
these bacteria lack the requisite permeases for
transport across the bacterial membrane (7). The
inability of strain A4413 to oxidize these inter-
mediates is in essential agreement with a recent
report that resting cells of strain A4413 showed
no oxygen uptake on acetate, citrate, or malate,
and in the presence of succinate the oxygen con-
sumption was very slight [Q(O,) N < 10.9] (J.
H. Jackson, Ph.D. Thesis, University of Kansas,
1969). These results are not in agreement, how-
ever, with the report that a type 1 Listeria oxi-
dized malate, succinate, and a-ketoglutarate at
low rates (23). Listeria strains may differ in their
oxidative response to these substrates.

Table 2 summarizes the results of enzyme as-
says using cell-free extracts. For reference and
comparison, the specific activities reported by
Gray et al. (16) and others for certain enzymes
are included in the table. The data of Gray et al.
(16) are of interest because they reflect activities
from E. coli grown aerobically and anaerobically
on a synthetic medium with glucose. The specific
activities of citrate synthase, isocitrate dehydro-
genase, fumarate reductase, fumarate hydratase,
and malate dehydrogenase from strain A4413
(which were grown aerobically) were equal to or
less than those from anaerobically grown E. coli.
In contrast, Listeria aconitate hydratase and
NADH oxidase showed specific activities falling
between those of anaerobic E. coli and aerobic
E. coli. Of the citrate cycle enzymes, the a-keto-
glutarate oxidation system and succinate dehy-
drogenase were inactive in strain A4413. The
glyoxylate bypass enzymes isocitrate lyase and
malate synthase were also inactive.

Aconitate hydratase was twice as active with
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isocitrate as with citrate. This is in harmony with
the characteristics of other aconitate hydratase
preparations (33) and with the finding that the
equilibrium of this enzyme from many sources
favors citrate (30). The K, of aconitate hydra-
tase (8.0 x 10+ M, citrate) is also close to that
reported by Racker (33) for a mammalian heart
enzyme preparation.

Isocitrate dehydrogenase would appear to be
NADP specific because no activity was detected
when NAD was used as acceptor. This is not cer-
tain, however, because at the assay pH of 7.5,
Listeria extract contained NADH oxidase ac-
tivity which would interfere with the assay.
NADP-dependent isocitrate dehydrogenases are
common in bacteria, however, whereas those
specific for NAD are rare (34). Mn?* was re-
quired for full activity.

Malate dehydrogenase is apparently NAD
specific, since only traces of activity were ob-
served with NADP. This enzyme is generally
NAD dependent (30), although at least one
strain of P. aeruginosa contains an enzyme which
requires NADP (42). Mn2* was required for full
activity.

The enzymes of the citrate cycle found in
strain A4413 form an enzymatic pathway repre-
sented schematically in Fig. 4. Because no oxida-
tion of a-ketoglutarate was demonstrable, the
connecting link between a-ketoglutarate and suc-
cinate is missing, and a citrate cycle as such

c--+ Pyruvate

i Acetyl-Cok
.
Aspartate «— Oxaloacetate Citrate
Nalate \
Isocitrate
Fumarate l
Succinate o-ketoglutarate
l:at;laso
Gytochrome Blutamate

FIG. 4. Schematic representation of the split citrate
pathway apparently present in strain A4413 grown on
synthetic medium D10 plus glucose. Solid lines repre-
sent enzymatic reactions demonstrated in this or other
research; broken lines represent reactions not yet dem-
onstrated.
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cannot function. Instead, a split citrate pathway
is likely, having a *‘right’’ oxidative aspect and a
“‘left’’ reductive aspect. For such a pathway to
operate, a carbon dioxide fixation reaction with
pyruvate or phosphoenolpyruvate would be re-
quired to furnish a four-carbon intermediate,
because the glyoxylate bypass enzymes are ap-
parently absent. No attempts were made to de-
tect CO, fixation in strain A4413.

This split citrate pathway is similar to that
found in E. coli when grown anaerobically in a
synthetic medium plus glucose (1, 16). It is also
thought to form a possible metabolic basis for
obligate autotrophy (36). Such a pathway would
appear to be of small moment in the supply of
energy (adenosine triphosphate), which would be
furnished by other means, such as glycolysis (16).
It would be important, however, for the biosyn-
thesis of amino acids and tetrapyrrole sub-
stances. In E. coli grown anaerobically on syn-
thetic medium plus glucose, biosynthetic demand
is thought to keep the level of a-ketoglutarate so
low that the a-ketoglutarate dehydrogenase
system is completely repressed (16). Low levels
of this enzyme are observed, however, in E. coli
grown anaerobically on complex medium plus
glucose. It is thought that the glutamate supplied
by the complex medium relieves the metabolic
drain on a-ketoglutarate, thus partially dere-
pressing the synthesis of the dehydrogenase (16).
It would be interesting to determine why strain
A4413, grown aerobically on defined medium
plus glucose, is unable to oxidize a-ketoglu-
tarate. Is a gene deficiency involved, or is the
synthesis of the a-ketoglutarate oxidation system
repressed by a biosynthetic demand for its
substrate?
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